The TolC protein of Escherichia coli, through its interaction with AcrA and AcrB, is thought to form a continuous protein channel that expels inhibitors from the cell. Consequently, tolC null mutations display a hypersensitive phenotype. Here we report the isolation and characterization of tolC missense mutations that direct the synthesis of mutant TolC proteins partially disabled in their efflux role. All alterations, consisting of single amino acid substitutions, were localized within the periplasmic ␣-helical domain. In two mutants carrying an I106N or S350F substitution, the hypersensitivity phenotype may be in part due to aberrant TolC assembly. However, two other alterations, R367H and R390C, disrupted efflux function by affecting interactions among the helices surrounding TolC's periplasmic tunnel. Curiously, these two TolC mutants were sensitive to a large antibiotic, vancomycin, and exhibited a Dex ؉ phenotype. These novel phenotypes of TolC R367H and TolC R390C were likely the result of a general influx of molecules through a constitutively open tunnel aperture, which normally widens only when TolC interacts with other proteins during substrate translocation. An intragenic suppressor alteration (T140A) was isolated from antibiotic-resistant revertants of the hypersensitive TolC R367H mutant. T140A also reversed, either fully (R390C) or partially (I106N and S350F), the hypersensitivity phenotype of other TolC mutants. Our data suggest that this global suppressor phenotype of T140A is the result of impeded antibiotic influx caused by tapering of the tunnel passage rather than by correcting individual mutational defects. Two extragenic suppressors of TolC R367H , mapping in the regulatory region of acrAB, uncoupled the AcrR-mediated repression of the acrAB genes. The resulting overexpression of AcrAB reduced the hypersensitivity phenotype of all the TolC mutants. Similar results were obtained when the chromosomal acrR gene was deleted or the acrAB genes were expressed from a plasmid. Unlike the case for the intragenic suppressor T140A, the overexpression of AcrAB diminished hypersensitivity towards only erythromycin and novobiocin, which are substrates of the TolC-AcrAB efflux pump, but not towards vancomycin, which is not a substrate of this pump. This showed that the two types of suppressors produced their effects by fundamentally different means, as the intragenic suppressor decreased the general influx while extragenic suppressors increased the efflux of TolC-AcrAB pump-specific antibiotics.
Escherichia coli cells lacking the outer membrane protein (OMP) TolC display hypersensitivity to a variety of inhibitors, including bile salts, detergents, and hydrophobic antibiotics (38) . This was initially thought to be due to a defect in the outer membrane permeability barrier as a result of a defective lipopolysaccharide (LPS) (32) . However, it was shown that tolC and rfa (LPS core) mutations produce an additive effect on hypersensitivity, thus suggesting that tolC mutations may confer hypersensitivity independent of their effect on LPS (12) . Subsequently, it was demonstrated that TolC is required for the activity of a major E. coli efflux pump that includes the AcrA and AcrB proteins (11) .
Based on the pleiotropic phenotype of tolC null mutants, TolC has been implicated in other activities, including colicin import (26) , ␣-hemolysin secretion (36) , and porin regulation (23, 24) . Studies of tolC null mutants also led to speculation that TolC might be involved in chromosome partitioning (14) and DNA supercoiling (8) . However, no direct data have been presented to support these last two roles of TolC, and such implications presumably reflect an indirect effect of the tolC null mutation.
The crystal structure of TolC has been solved (18) and is strikingly distinct from those of other OMPs (Fig. 1A) . It embodies two separate domains, with the outer membraneembedded segment composed of ␤-strands while the region that extends deep into the periplasm consists primarily of ␣-helices. Both domains make up an elongated barrel structure of 140 Å , and unlike the case for porins (6) , each of the three monomers makes up only one-third of the barrel. Thus, an assembled TolC trimer forms a single channel or tunnel that extends the length of the molecule with a large inner diameter of 35 Å . The crystal structure of TolC also shows tapering of the proximal (periplasmic) end due to the packing of outer and inner helices into coiled coils. It has been proposed that the opening of the proximal entrance during substrate translocation may involve uncoiling and realignment of the paired helices (18) .
Like tolC, acrA mutations were initially thought to affect outer membrane permeability (29) . However, it is now well established that AcrA is a component of the TolC-AcrAB efflux pump in E. coli that mediates resistance to a broad range of inhibitors that are generally hydrophobic in nature (27, 30, 43) . AcrB has been shown to be a proton-substrate antiporter (42) , and biochemical studies have indicated that it interacts with AcrA (16, 28, 44) . Atomic structures of AcrB alone (25) and bound to inhibitors (41) have recently been solved. AcrB, like TolC, is trimeric and extends considerably into the periplasmic space, raising the intriguing possibility of direct contacts between AcrB and TolC. From genetic data and studies performed with the ␣-hemolysin secretion system that uses HlyBD as well as TolC (34) , it has been inferred that AcrA and -B interact with TolC to make a continuous channel that transports inhibitors directly into the surrounding medium. There has never been a direct demonstration of TolC's interaction with AcrA and/or AcrB.
Only limited genetic analyses have been performed to dissect the role of individual residues in the various functions attributed to TolC. These studies include the isolation of tolC missense mutations affecting ␣-hemolysin secretion (35) and TolC's cell surface interactions with bacteriophage TLS and colicin E1 (13) . Recently, two systematic studies conducted by V. Koronakis's group determined the mechanism of aperture opening during substrate translocation (1, 9) . It is likely that during antibiotic efflux, TolC's interaction with AcrAB also influences the aperture conformation. Deletion and site-directed mutagenesis analyses have also pointed to a role for residue L412 of mature TolC in colicin import and antibiotic efflux (39, 40) .
For this study, we conducted a genetic analysis and isolated tolC missense mutations affecting the antibiotic efflux phenotype. Because the isolation of hypersensitivity mutants, by definition, entails negative selection, a screening strategy was developed to enrich for missense tolC mutations. Further genetic and biochemical characterization of these mutants is expected to provide a better understanding of the role of TolC in antibiotic efflux.
MATERIALS AND METHODS
Bacterial strains, media, and biochemicals. The E. coli K-12 strains used in this study were derived from MC4100 [F Ϫ araD139 ⌬(argF-lac)U139 rpsL150 flbB5301 ptsF25 deoC1 thi-1 rbsR relA] (5). XL1-Red (endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac mutD5 mutS mutT::Tn10) was used for the in vivo mutagenesis of plasmid DNA. Luria broth (LB) and agar (LBA) were prepared as previously described (33) . ECF substrate was purchased from Amersham Pharmacia Biotech. All other biochemicals were of analytical grade.
DNA manipulations. The tolC gene was cloned into pTrc99A (Pharmacia) essentially as described previously (35) , with the exception that the forward primer used (5Ј-CAGGAAACAGATCATGAGGAAATTGCTCCC-3Ј) created a unique BspHI site (underlined) instead of the NcoI site. By the creation of the BspHI site, the second codon of the TolC signal sequence was changed from AAG (lysine) to AGG (arginine), which did not affect protein synthesis. tolC DNA was amplified from the chromosome by PCR, digested with BspHI and HindIII (created by the reverse primer), and ligated into appropriately restricted pTrc99A. In the absence of the inducer isopropyl-␤-D-thiogalactopyranoside (IPTG), the level of plasmid-borne TolC was similar to that of the chromosomally expressed TolC protein. Therefore, all experiments were carried out in the absence of IPTG. The acrAB genes were cloned into the BspHI and HindIII sites of pACYC184. For this, the acrAB region was amplified by using two primers as follows: the forward primer (5Ј-AGATCTCATGAACAATCCGACTTGTC-3Ј) created a BspHI site (underlined), while the reverse primer (5Ј-CTCCTTAAG CTTCGTAGGTTATGC-3Ј) created a HindIII site (underlined). Expression of the acrAB genes from this plasmid clone was driven from their native promoter located upstream of the acrA gene. Site-directed mutagenesis of the tolC gene was performed with a QuickChange XL mutagenesis kit (Stratagene) according to the manufacturer's protocol. In vivo mutagenesis was performed by propa- The chromosomal tolC, acrR, acrA, and acrB genes were deleted by the method of Datsenko and Wanner (7). The primers used for these deletions are shown in Table 1 . The deletion removed 20 bp upstream of the start codon while retaining the last 26 codons of the tolC gene. The deleted tolC locus was marked by genes conferring either kanamycin (Km r ) or chloramphenicol (Cm r ) resistance. Two separate deletions were constructed to remove the entire coding region of acrA or acrB. For elimination of the polar effect of acrA::Km r on acrB, the antibiotic resistance gene was removed by the pCP20-encoded recombinase (7) . The resulting deletion was fully complemented by a plasmid clone carrying only the acrA gene, showing that the deletion imposed no polar effect on acrB. The acrR gene was only partially deleted because of the presence of potential promoter sequences directing the transcription of adjacent genes. This deletion removed residues 71 to 140 of the 216-residue AcrR protein. Deletions of all four genes were confirmed by PCR analysis and phenotypic tests.
Western blot analysis. Whole-cell extracts were analyzed on mini sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene difluoride membranes (Immobilon; Millipore). After transfer, the membranes were incubated for 1.5 h with a primary antibody raised against TolC, MBP, or AcrA. The membranes were washed, and a secondary antibody (goat anti-rabbit alkaline phosphatase-conjugated immunoglobulin G) was added for 1 h. The membranes were exposed to ECF substrate for 5 min and analyzed in a phosphorimager. Protein bands were quantified with the Quantity One (Bio-Rad) program.
Antibiotic, phage, and colicin sensitivity assays. Antibiotic disk sensitivity assays were performed by placing presoaked antibiotic disks (Difco) on bacterial lawns prepared on LBA. The zones of inhibition (in millimeters) were measured after incubation of the plates for 8 h at 37°C. MICs were determined by diluting overnight bacterial cultures to 10 5 cells/ml in LB containing increasing concentrations of novobiocin or erythromycin. Bacterial growth after 16 h of incubation at 37°C was recorded by measuring the optical density at 600 nm. Phage sensitivity was determined by the cross-streak method. Colicin E1 sensitivity was determined by spotting twofold serial dilutions of the colicin stock solution on bacterial lawns. Killing zones were recorded after 6 to 8 h of incubation at 37°C.
RESULTS
Antibiotic efflux-defective tolC mutants. Mutations in any one of the genes tolC, acrA, and acrB may lead to a nonfunctional efflux pump and a hypersensitive phenotype. Since the focus of this study is TolC, we therefore devised a means to enrich for tolC missense mutants. These mutant tolC alleles are expected to direct the synthesis of proteins that are defective in efflux activity due to an alteration in TolC's structure. To avoid mutations mapping in acrA and acrB, we mutagenized a plasmid carrying the tolC gene that produces TolC at a level similar to that produced from the chromosomal allele. Random tolC mutations were generated by propagating the tolC plasmid in the XL1-Red mutator strain. Plasmid DNA from five independent mutagenized pools was then transformed into a genetic background lacking the chromosomal tolC allele. Over 20,000 transformed bacterial colonies were screened by replica plating for the ability to grow on medium containing a low (5 g/ml) or high (50 g/ml) concentration of novobiocin, an antibiotic that is normally removed by the TolC-AcrAB pump. Initially, we focused on 126 colonies that grew on low but not high concentrations of novobiocin; colonies that failed to grow on low concentrations are likely to contain tolC null rather than missense mutations. This is because it is unlikely that a structural protein, such as TolC, could be altered so specifically by a single substitution as to completely obliterate its efflux function. Colonies that grew on medium containing a high novobiocin concentration most likely synthesized TolC with normal efflux activity.
To ensure that the phenotypes were stable and expressed from plasmid DNA, we extracted the plasmids from 126 isolates and retransformed them into a tolC background. Only seven transformants expressed the desirable phenotype, i.e., they produced inhibition zones around novobiocin (30 g) and erythromycin (15 g) disks that were larger than those by the parental TolC ϩ strains but smaller than those by a tolC null strain. DNA sequence analysis of the plasmid tolC gene revealed the presence of a missense mutation in five isolates, resulting in an I106N, S350F, R367H, or R390C (two independent isolates) substitution in the mature portion of the protein.
The remaining two isolates carried a frame-shift mutation close to the end of the tolC gene that resulted in the synthesis of truncated, albeit partially functional, polypeptides. These two mutants were not analyzed further. The four different missense alterations affected residues that were localized within the periplasmic ␣-helical domain of TolC (Fig. 1A) . Mutants bearing an R367H or R390C alteration produce TolC with levels similar to those with the parental TolC ϩ strain (Fig.  2) ; the I106N and S350F substitutions resulted in somewhat reduced protein levels. It was recently shown that this reduced protein level is due to a defect in TolC's assembly (37) . The MICs of novobiocin and erythromycin for a TolC ϩ parental strain were 35 to 40 and Ͼ40 g/ml, respectively; for a tolC null strain, these values were between 1 and 5 g/ml for both antibiotics. The MICs for mutants were 10 to 20 g/ml for both antibiotics ( Fig. 3A and B) . The partial hypersensitivity phenotype of all TolC mutants was codominant over the wild-type TolC protein. With respect to colicin E1, mutants were either fully sensitive (R390C) or displayed a 2-, 8-, or 16-fold reduction (R367H, I106N, and S350F, respectively) in sensitivity compared to the parental TolC ϩ strain. On LB-blood agar plates, the hemolytic zones around individual colonies of mutants were either indistinguishable from (TolC R367H and TolC R390C ) or smaller than (TolC I106N and TolC S30F ) those around colonies expressing wild-type TolC.
Additional substitutions at R367 and D153. TolC's crystal structure (18) showed that when the TolC tunnel entrance is in the closed (resting) state, R367 forms a salt bridge with D153 and a hydrogen bond with T152 of the adjacent monomer subunit (Fig. 1B) . The replacement of R367 with serine was shown to increase TolC-mediated conductance about 2.5-fold, whereas no effect on conductance was observed when T152 was changed to alanine (1). These results suggested that an intermonomer salt bridge between R367 and D153 is important for the control of the aperture opening by constraining of the movement of the inner coiled coils.
Despite widening the tunnel aperture, the R367S substitution was reported to have no effect on the antibiotic efflux function (1), whereas we have shown here that a substitution of R367H confers hypersensitivity (Fig. 3) . It may be argued that the presence of histidine, not the absence of arginine, at position 367 is responsible for this phenotype. We therefore changed R367 to alanine and glycine by site-directed mutagenesis but observed a hypersensitivity phenotype similar to that
FIG. 3. Growth of TolC
Ϫ , TolC ϩ , and TolC mutant strains in LB containing different amounts of novobiocin (A and C) and erythromycin (B and D). The strains and symbols shown in panels A and C are identical to each other, as are those in panels B and D. All assays were performed in triplicate, and average values were plotted. LB-antibiotic medium was inoculated with overnight cultures (10 5 cell/ml), and growth (OD 600 ) after 16 h at 37°C was recorded.
conferred by R367H (data not shown). We also created an R367S substitution, and as expected, observed no hypersensitivity phenotype. Finally, through site-directed mutagenesis, D153 was changed to cysteine. This substitution resulted in a hypersensitivity phenotype similar to that conferred by R367H (data not shown), thus further reflecting a functional relevance for the D153-R367 salt bridge in TolC's antibiotic efflux function. These results show that (i) the absence of arginine at position 367, but not its replacement by histidine, produces the hypersensitivity phenotype; and (ii) a salt bridge between D153 and R367 is important for efflux function, even though S367 can somehow allow the protein to maintain an efflux-competent conformation despite the fact that it, like alanine and glycine, cannot form a salt bridge with D153.
Reasons for the hypersensitivity phenotype of TolC mutants. Because the TolC protein is directly involved in the antibiotic efflux function, the observed hypersensitivity phenotype of tolC mutants is expected to be the result of a defect in this activity. However, it is also possible that aberrant assembly and insertion of mutant TolC proteins, particularly those of TolC I106N and TolC S350F , may disrupt normal outer membrane permeability function, thus allowing a larger influx of antibiotics than their removal by the TolC-AcrAB efflux pump.
In an attempt to resolve these two possibilities, we first compared the antibiotic sensitivity profile of a tolC null mutant with that of a deep rough LPS mutant in which the hypersensitivity phenotype is known to be due to a defective outer membrane permeability barrier (29) . As expected, both mutants showed hypersensitivity towards novobiocin and erythromycin because these antibiotics can readily penetrate the perturbed lipid bilayer of LPS mutants and are substrates of the TolC-AcrAB efflux pump (Table 2) . Interestingly, only the deep rough LPS mutant exhibited hypersensitivity to rifampin, and none of the strains showed any significant increase in sensitivity to a large hydrophilic antibiotic, vancomycin (molecular weight, 1,450). The similar sensitivity profiles of TolC ϩ and TolC Ϫ strains for rifampin suggested that this hydrophobic antibiotic is either not a substrate of the TolC-AcrAB efflux pump or cannot penetrate the intact outer membrane. On the other hand, the rifampin hypersensitivity of the deep rough LPS mutant showed that rifampin could readily penetrate cells with a compromised outer membrane permeability barrier. Rifampin sensitivity has also been reported for strains expressing assembly-defective OmpC and OmpF mutants (20, 22) , which presumably disrupt the outer membrane. Thus, rifampin could be used to at least initially differentiate between mutants with a defective outer membrane permeability barrier and those with an efflux defect.
Strains expressing TolC R367H and TolC R390C displayed hypersensitivity to rifampin, and surprisingly, also to vancomycin (Table 3) . These profiles were distinct from that of the deep rough LPS mutant (rifampin sensitive and vancomycin insensitive) or a tolC null mutant (insensitive to both antibiotics). Therefore, while the rifampin sensitivity phenotype of a mutant expressing TolC R367H or TolC R390C suggests a breached outer membrane permeability barrier, the sensitivity to vancomycin indicates a novel mechanism for the hypersensitivity phenotype.
Strains expressing TolC I106N showed no increase in sensitivity to either rifampin or vancomycin (Table 3) . Thus, the hypersensitivity of this mutant to novobiocin and erythromycin is likely the result of an efflux defect rather than a compromised permeability barrier. As stated earlier, this efflux defect may be the result of lower TolC I106N levels in the outer membrane owing to an assembly defect (Fig. 2) (37) . The antibiotic sensitivity data for TolC S350F were difficult to interpret due to large variations in the inhibition zones. This is presumably due to aberrant assembly of the mutant protein (37) .
Constitutively open state of TolC R367H and TolC R390C tunnel aperture. The vancomycin sensitivity of hemolysin-secreting TolC ϩ cells has been reported previously (3; also see below). This sensitivity is thought to be the result of antibiotic influx via the open state of TolC tunnels while they are engaged in hemolysin export. It is therefore conceivable that the vancomycin sensitivity phenotype of mutants expressing TolC R367H and TolC R390C is due to the influx of antibiotics through TolC tunnels that are in a constitutively open state because of mutant alterations. We further tested this notion by examining the ability of TolC mutants to grow on a medium containing maltodextrins as a sole carbon source. Maltodex- a The diameter of the paper disks was 6.5 mm. Averages from two independent experiments are shown.
b The ⌬rcsB::Km r allele was used to prevent excessive capsule production due to the deletion of the LPS core genes in ⌬rfa2057. Table 2 .
c The Dex phenotype was recorded as the ability of bacteria to grow on maltodextrin minimal medium plates after 36 h of incubation at 37°C. Plus and minus signs reflect colony sizes relative to that of a LamB ϩ strain, which was rated ϩϩϩ under similar growth conditions. ND, not determined.
d The number varied significantly (Ͼ20%) in different experiments.
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on June 26, 2017 by guest http://jb.asm.org/ trins normally enter the cell through the LamB maltoporin (29) and are excluded from other channel-forming proteins due to either a constricted pore size (6) or the presence of a plug domain (4, 10). The expression of TolC R367H and TolC R390C in a LamB Ϫ strain promoted growth on a minimal medium containing maltodextrins as a sole carbon source; hence, they had a Dex ϩ phenotype (Table 3) . Unlike the mutant TolC proteins, the expression of wild-type TolC did not support growth on a maltodextrin minimal medium ( Table 3 ). The vancomycin sensitivity and Dex ϩ phenotype of TolC R367H and TolC R390C corroborated the notion that these mutant proteins facilitate the diffusion of molecules that normally cannot pass through TolC's closed tunnels while in a resting stage.
Our argument that the constitutively open tunnel apertures of TolC R367H and TolC R390C lead to antibiotic influx should also apply to wild-type TolC when it is engaged in hemolysin translocation. We therefore tested the sensitivity of a TolC ϩ HlyA ϩ strain to vancomycin, rifampin, novobiocin, and erythromycin. As previously reported for vancomycin (3), wild-type TolC ϩ cells secreting hemolysin displayed increased sensitivities to rifampin, novobiocin, and to a lesser extent, erythromycin (Table 4 ). The similar antibiotic sensitivity profiles of the TolC ϩ strain, when secreting hemolysin, and mutants expressing TolC R367H or TolC R390C , without a hemolysin plasmid, suggest that TolC tunnels in the mutant strains are in a constitutively open state, thus allowing antibiotic influx.
Intragenic suppressors of TolC R367H . Because the hypersensitivity phenotype resulting from R367H is thought to be the result of constitutively open tunnel apertures, second-site alterations within TolC that narrow the tunnel passage would be expected to reduce antibiotic sensitivity. With this in mind, we isolated drug-resistant revertants of a strain expressing TolC R367H . For facilitation of the isolation of intragenic suppressors, the plasmid expressing the mutant TolC R367H protein was remutagenized. Drug-resistant colonies were identified by replica plating of transformants onto novobiocin-containing medium. Plasmids isolated from colonies that grew on the antibiotic medium were reintroduced into a tolC null strain, and transformants were examined for the novobiocin resistance phenotype. Of five independently mutagenized plasmid pools, one rendered two isolates that grew on novobiocin plates upon reintroduction into the tolC null background. DNA sequence analysis revealed that in one case, a true reversion, i.e., H367R, restored the wild-type efflux activity. In the second revertant, however, a compensatory alteration mapping at position 140 of TolC resulted in a T140A substitution.
As expected, the T140A suppressor alteration significantly diminished the hypersensitivity phenotype of TolC R367H (Fig.  3) . Additionally, T140A reduced the TolC R367H -mediated Dex ϩ phenotype and sensitivities to vancomycin and rifampin ( Table 3 ). The specificity of suppression was studied by introducing T140A into the TolC R390C , TolC I106N , and TolC S350F backbones. Remarkably, the presence of the T140A substitution suppressed the antibiotic hypersensitivity phenotype of all mutant TolC proteins ( Fig. 3C and D) . As observed with TolC R367H , T140A also reduced vancomycin and rifampin sensitivities and the Dex ϩ phenotype of TolC R390C (Table 3) . A much stronger suppression was seen for TolC R367H and TolC R390C than for TolC I106N and TolC S350F , which also confer assembly defects (37) . Interestingly, the observed phenotypic suppression of TolC I106N and TolC S350F by T140A (Fig.  3) was not due to the correction of their assembly defects (Fig.  2) .
We also examined the effect of T140 on TolC R367H -mediated hypersensitivity in AcrA Ϫ AcrB ϩ and AcrA ϩ AcrB Ϫ backgrounds to see whether T140A imposed its effect independent of the AcrAB proteins. Although the absence of AcrA or AcrB exacerbated the hypersensitivity phenotype of TolC R367H , the presence of T140A only slightly reduced the antibiotic sensitivity (Table 5 ). Therefore, while the effect of T140A appeared to be somewhat independent of the AcrAB proteins, the bulk of the T140A-mediated reversal of antibiotic sensitivity still relies on the presence of these proteins. It is interesting that the absence of wild-type TolC in an AcrA Ϫ or AcrB Ϫ background slightly increased antibiotic sensitivities, indicating that TolC to some degree can interact with other efflux pump proteins to remove antibiotics. The T140A-mediated reversal of antibiotic resistance is, however, unlikely to be the result of a preferred interaction of the mutant TolC protein with these other efflux pump proteins, but rather the consequence of impeded antibiotic influx (Table 3) . This was further supported by our observation that the presence of T140A in an otherwise wild-type TolC protein backbone increased the MIC of novobiocin (Fig. 4) . Together, these observations are consistent with the notion that T140A reduces antibiotic sensitivities not by "fixing" a specific mutational defect, since no suppression specificity was observed, but rather by affecting the tunnel conformation in a general manner.
Extragenic suppressors of TolC R367H . We also sought extragenic suppressors of TolC R367H to explore whether alterations in AcrA and AcrB can reverse the hypersensitivity phenotype. Antibiotic-resistant revertants were obtained by plating about 10 9 cells from four independent cultures expressing TolC R367H a The diameter of the paper disks was 6.5 mm. Averages from three independent experiments are shown.
on LBA plates supplemented with novobiocin and erythromycin (both at 20 g/ml); Two antibiotics were used to avoid the isolation of mutations mapping in their target genes. Revertants arose at a frequency of about 10 Ϫ7 . All mutations were localized in the chromosome since none moved with the plasmid. To find mutations confined to the acrAB region, we used Tn10 linked to this locus (30% by P1 transduction). In 2 mutants, of 16 examined from four independent cultures, the suppressor mutation was linked to Tn10 and hence was in the vicinity of the acrAB genes. The acrAB region from these isolates was amplified by PCR and subjected to DNA sequence analysis. In one case, we found an insertion mutation caused by the transposition of an IS2 element 83 bases upstream of the acrA start codon. This location of the IS2 disrupts the two divergent but overlapping promoters that transcribe the acrR and acrAB genes. The acrR gene is divergently transcribed from acrAB and encodes a repressor to downregulate their expression (19) . The second isolate had a base pair substitution (an A-to-C transversion) 30 bases upstream of the start codon of acrR. Because neither mutation was mapped in the coding region, it is likely that they affected the expression of the acrR and/or acrAB genes.
Western blot analysis showed that strains carrying these mutations increased AcrA levels more than twofold the level expressed from the wild-type chromosomal copy (Table 6 ). This finding further supports the notion that acr mutations presumably uncouple the AcrR-mediated repression of acrAB. The resulting overexpression of AcrAB suppressed the hypersensitivity phenotype of TolC R367H . We verified this assertion by two additional means. First, we deleted the chromosomal copy of the acrR gene and found that this suppressed the hypersensitivity phenotype of TolC R367H (Table 6 ). Second, we cloned the wild-type acrAB genes into a low-copy-number vector, pACYC184, and found that the presence of this plasmid in an otherwise acrAB ϩ background also suppressed the hypersensitivity phenotype of TolC R367H (Table 6 ). As expected, both constructs produced elevated AcrA levels (Table 6) . acr::IS2-, acr6-2-, ⌬acrR-, and pacrAB ϩ -mediated suppression was also observed for the other three TolC mutants (data not shown). This lack of specificity is because the suppression mechanism did not involve structural alterations among the interacting proteins, but rather elevated expression of the efflux pump proteins. It is important that unlike the T140A intragenic suppressor, these suppressors reversed hypersensitivity for only novobiocin and erythromycin, which are substrates of the TolC-AcrAB pump, but not for rifampin and vancomycin, which do not appear to be substrates of this pump.
DISCUSSION
Drug-sensitive TolC mutants. Two different classes of TolC mutants whose expression produced antibiotic sensitivity were isolated. For one class, represented by those bearing a R367H or R390C substitution, the antibiotic sensitivity was presumably caused by an effect on TolC's tunnel aperture so as to leave it in a constitutively open state. As a result of this, more antibiotics entered the cell than were expelled by cellular efflux activity. Remarkably, these TolC mutants also displayed sensitivity to a large hydrophilic antibiotic, vancomycin. This antibiotic normally cannot cross the outer membrane of a wildtype strain or even that of a deep rough LPS mutant in which the outer membrane permeability barrier is highly compromised. The drug sensitivity of the second class of TolC mutants, bearing either an I106N or S350F substitution, appeared to be the result of defective mutant TolC assembly (37) .
TolC mutants resemble Dex ؉ porin mutants. The data presented in this study suggest that the hypersensitivity phenotype of TolC R367H and TolC R390C was due to a larger influx of antibiotics through the constitutively open mutant tunnels rather than to a gross outer membrane permeability defect. At about 35 Å , the internal diameter of the TolC channel is much FIG. 4 . Growth of cultures expressing either wild-type TolC (ᮀ) or TolC T140A (s) in LB-novobiocin. Growth conditions were identical to those described for Fig. 3 . Error bars represent the standard deviations of the means of four independent experiments. Table 4 ). The role of R390 in influencing the tunnel entrance is less clear. Although R390 of helix 8 is not located at TolC's tunnel aperture, its close vicinity to the aperture and the potential for it to form a salt bridge with D121 of helix 3 of the same monomer (Fig. 1B) could influence the tunnel entrance by affecting the movement and/or realignment of helices surrounding the aperture (Fig. 1 ). An R390C alteration, like those at R367, confers sensitivity to the large hydrophilic antibiotic vancomycin, suggesting that it too forces the tunnel aperture to a constitutively open state. Besides permitting the entry of large antibiotics through the open tunnel, these TolC mutants also display a Dex ϩ phenotype. The permeability phenotype of TolC R367H and TolC R390C mutants due to a high level of influx is similar to that of the classical OmpC and OmpF Dex mutants, for which increased antibiotic sensitivity and the Dex ϩ phenotype were the result of functionally enlarged porin channels (2, 21) . In these mutants, alterations either deleted residues of loop 3, which folds inward to constrict the channel passage, or affected residues that restricted loop 3 movements through electrostatic interactions. In contrast to TolC R367H and TolC R390C mutants, which showed an increased sensitivity to both hydrophilic and hydrophobic antibiotics, the Dex ϩ porin mutants showed an increased sensitivity primarily to hydrophilic antibiotics. This is presumably reflective of a fundamental structural difference between the two barrels; the TolC barrel is mainly engaged in the removal of hydrophobic inhibitors from the cells, while the porin barrel lets small hydrophilic molecules diffuse through it. The conversion of FhuA and FepA, which are substrate-specific and TonB-dependent OMP transporters, to general diffusion OMPs has also been reported (17, 31) . These transporters do not allow general solute diffusion because of the existence of a large plug domain that blocks the inside of the barrels (4, 10). However, deletions that shorten the plug domain do allow the nonspecific diffusion of a variety of compounds, including novobiocin and rifampin (17, 31) .
Assembly-defective TolC mutants and antibiotic sensitivity. Unlike the case for TolC R367H and TolC R390C , the antibiotic sensitivity of TolC I106N and TolC S350F is primarily due to their aberrant assembly (37) . I106 is part of a hydrophobic cluster, involving the mixed ␣/␤-domain of each monomer, which packs against the helical domain of the same monomer (Fig.  1B) . The replacement of I106 with a hydrophilic asparagine residue most likely destabilizes this helical packing, which not only interferes with the folding of monomers during assembly (37) but may also influence the functional activity of assembled TolC molecules. Interestingly, L412, which is also a component of the same hydrophobic cluster as I106 (Fig. 1B) , has been previously noted to be important for TolC's efflux function (39, 40) . Due to its location on the outer equatorial domain of TolC, the hydrophobic cluster most likely influences the overall conformation of TolC's periplasmic helical domain. The S350F substitution disrupts a hydrogen bond between the outer helices of neighboring monomers (Fig. 1B) , which principally interferes with the oligomerization of TolC monomers into functional trimers (37) .
T140A-mediated suppression of the hypersensitivity phenotype. The hypersensitivity phenotypes of TolC R367H and TolC R390C were significantly diminished in the presence of the intragenic suppressor mutation T140A. Although the mutant and suppressor alterations are located at or near the tunnel aperture facing the periplasm (Fig. 1B) , there is no obvious potential for direct interaction between the side chains of these residues because of the angle and long distances separating them when the aperture is in the resting stage (Fig. 1B) . Moreover, since the presence of alanine at position 140 precludes any side chain interaction, it appears that the suppressor phenotype is due to the loss of a T140-mediated interaction. However, the crystal structure of TolC in its resting stage fails to reveal any T140-mediated interactions, so the role of this position in modulating the aperture conformation remains unclear. Because the T140A suppressor did not display any allele specificity and imposed its effect even on wild-type TolC, it probably acted in a general manner to diminish flux properties.
The presence of T140A reduced the hypersensitivity phenotype of TolC R367H and TolC R390C not only against the antibiotics novobiocin and erythromycin, which are substrates of the TolC-AcrAB efflux pump, but also against vancomycin, which does not appear to be removed by this pump. This general reduction in antibiotic sensitivity suggests that T140A most likely changes the conformation of helices guarding the tunnel aperture so as to reduce the influx of all antibiotics rather than to enhance a selective efflux activity of the TolC-AcrAB pump.
It is interesting that members of our laboratory previously reported the isolation of the T140A substitution among TolC mutants that secreted enzymatically inactive ␣-hemolysin without any apparent efflux defect (35) . This pointed to a role for T140 in influencing TolC's export activity. The isolation of T140A from two independent genetic screens involving functionally distinct mutants reflects the overall importance for T140 in TolC's tunnel function. Our contention that T140A somehow narrows the tunnel entrance is consistent with the imposed phenotype in which both the export of hemolysin and the influx of antibiotics are reduced. Ironically, while T140A suppresses the R367H-and R390C-mediated hypersensitivity phenotype, R367H and R390C suppress the T140A-mediated hemolysin secretion defect (data not shown). This is entirely consistent with our view that these alterations modulate TolC's tunnel passage to either decrease (T140A) or enhance (R367H and R390C) flux properties.
The examination of position 140 in 30 different TolC homologues, which can be broadly divided into two groups based on percent identities to E. coli TolC, revealed that threonine occupies this position in all 15 sequences of the group that have identities ranging from 43 to 100%. Curiously, however, alanine is mainly found at position 140 (11 of 15) of the second group of TolC homologues, which have sequence identities in the 28 to 36% range. The natural existence of alanine raises the possibility that the suppressor alteration of T140A in our E. coli K-12 TolC mutants may emulate a structural element intrinsic to the second group of TolC homologues.
Overexpression of AcrA and AcrB suppresses the hypersensitivity phenotype of TolC mutants. The transposition of an IS2 element and a base pair substitution in two different suppressors reduced the hypersensitivity phenotype of TolC mutants. Both mutations were located between the acrR and acrAB genes, which are divergently transcribed (19) . A protein analysis showed elevated AcrA levels, which is likely due to the uncoupling of AcrR-mediated repression of acrAB transcription. The enhanced expression of AcrAB due to an insertion element-mediated insertional inactivation of the acrR gene has been reported previously (15) . That the suppression was achieved as a result of the overexpression of AcrA and AcrB was independently corroborated by the construction of a multicopy acrAB ϩ plasmid and the deletion of the chromosomal acrR gene. Both constructs suppressed the hypersensitivity phenotype of TolC mutants. All suppressors reduced hypersensitivity against novobiocin and erythromycin, which are substrates of the TolC-AcrAB pump, but not against rifampin and vancomycin, which are not removed by this pump. This is distinct from the intragenic suppressor T140A, which could suppress the hypersensitivity phenotype against all antibiotics. This difference underscores the mechanistic distinction through which the two types of suppressors achieve their feat: the intragenic suppressor does so by reducing the influx of all antibiotics, while the extragenic and multicopy suppressors reduce antibiotic sensitivity by facilitating the efflux of TolCAcrAB pump-specific antibiotics.
